INTRODUCTION
Escbericbia coli obtains iron in iron-deficient environments by synthesizing and secreting the siderophore enterobactin (Ent) (reviewed by Earhart, 1987) . Ent, a cyclic trimer of dihydroxybenzoylserine with a molecular mass of 663 Da, binds environmental Fe(II1) with high affinity. The ferrienterobactin (FeEnt) complex is then transported into the cytoplasm via a periplasmic permease (ABC importer) transport type system ; specifically, the FeEnt system is a member of the iron/B,, subset of permeases that require a TonB-dependent outer membrane receptor in addition to the normal permease components (Shea & McIntosh, 1991) . Periplasmic permeases, a subclass of the ABC transporter (traffic ATPase) superfamily, typically consist of two distinct integral cytoplasmic membrane proteins, each with six to eight membrane-spanning segments, and two copies of another cytoplasmic membrane polypeptide bearing the characteristic ATP-binding domains (Fath & Kolter, 1993) . In addition, unlike other ABC transporter subclasses, periplasmic permeases require a periplasmic binding protein. For FeEnt uptake, FepA is the outer membrane receptor, FepD and G are the hydrophobic cytoplasmic membrane proteins, the ATPbinding domain is located on FepC, and FepB is the periplasmic protein. The current view of FeEnt import is as follows. Extracellular FeEnt binds to FepA in the outer membrane. FepA, a gated pore (Rutz e t al., 1992) , opens by means of an electrochemical potential transduced by the TonB protein (Postle, 1993) , releasing FeEnt into the periplasm, where it is bound by FepB. FepB, in turn, IP: 54.70.40.11
On: Thu, 06 Dec 2018 10:35:36 D. L. S T E P H E N S , M. D. C H O E a n d C. F. E A R H A R T presents FeEnt to the cytoplasmic membrane complex of FepC, D and G which then employs ATP to accomplish passage of FeEnt through the cytoplasmic membrane (Chenault & Earhart, 1992 ; Silver & Walderhaug, 1992) .
Mutations in any of the fivefep genes (A, B, C, D and G) block FeEn t uptake.
The periplasmic substrate-binding protein is the unique feature of bacterial ABC importers (Fath & Kolter, 1993) .
These binding proteins, of which there are dozens of different species in E. coli (Furlong, 1987) , can be released into the medium by osmotic shock; their absence results in the loss of ability to transport their specific substrates. In all shock-sensitive permeases where definitive experiments have been conducted, the periplasmic component binds its transported solute with high affinity. Several periplasmic binding proteins have been well characterized (Ames, 1986; Quiocho, 1990 ) and found to share several traits. They are monomeric and unusually stable, have a binding cleft between two similar globular domains and undergo a large conformational change upon binding their ligand. In all systems except those for ironsiderophore complexes and vitamin BI2, which have specific outer membrane receptors, they serve as the initial receptor for active transport.
For most substrates transported by periplasmic permeases, binding of the substrate to its cognate periplasmic protein is readily demonstrated by equilibrium dialysis (Guyer e t al., 1985; Rosen & Vasington, 1971 ) and by filter binding assays (Lever, 1972) . Ferrisiderophore uptake is generally by means of periplasmic permease systems in enteric bacteria. However, because of non-specific binding of iron (C. F. Earhart, unpublished results; Koster & Braun, 1990) in only one case has the putative periplasmic binding protein been shown to bind the appropriate ferrisiderophore complex (Koster & Braun, 1990) . These authors employed a novel whole-cell binding procedure to demonstrate that the periplasmic protein FhuD binds several ironhydroxamate siderophore complexes and showed, in a cell-free system, that the association of such complexes with FhuD rendered it resistant to proteinase K.
The present study was performed to determine if FepB binds FeEnt, as predicted. Our approach was based on the fact that, although binding assays using soluble periplasmic protein fractions are unsatisfatory, binding assays of ferrisiderophore complexes to membrane preparations containing the appropriate receptor are feasible (Ichihara & Mizushima, 1977 ; McIntosh e t al., 1979 ; Stoebner e t al., 1992) . We utilized a procedure whereby exported soluble proteins such as P-lactamase (Francisco et al., 1992) can be localized to the outer membrane of E. cdi. In this system, ' tribrid ' proteins are produced which have the soluble exported protein of interest as the carboxy-terminal domain. The amino-terminal domains consist of portions of the major lipoprotein (signal sequence and first nine amino acids of the mature Lpp) and amino acids 46-1 59 of OmpA. The Lpp domain localizes the tribrid to the outer membrane and stabilizes it there and the OmpA segment serves to facilitate expression of the soluble protein domain on the outer surface. Here we have produced a plasmid encoding an LppOmpAFepB tribrid. This construct was employed to determine if FepB does bind FeEnt and if the LppOmpA localization vehicle is applicable to periplasmic binding proteins.
METHODS
Bacterial strains and growth conditions. The bacteria used were Escherichia coli K12 derivatives and are described in Table  1 . AB1515 is wild-type for Ent-mediated iron transport, UT5600 is unable to synthesize, bind or transport Ent, and SB221, with its defective major lipoprotein, was used as a control in leakiness assays. Strains were routinely grown in L broth (Nagel de Zwaig & Luria, 1967) at 37 O C with aeration. Minimal medium was M9 (Miller, 1972) supplemented as necessary as before (Pierce & Earhart, 1986) ; when required, L broth was made iron-deficient by adding 2,2'-dipyridyl (Sigma) to 0.2 mM. Deferrated M9 was prepared by hydroxyquinoline extraction. Growth of liquid cultures was monitored by optical density readings at 540 nm. When appropriate, kanamycin and IPTG were added to final concentrations of 150 pg ml-' and 1 mM, respectively, unless otherwise indicated. Table 1 . pME28 is a pGEM-3 derivative containing a lacZ-fepB fusion (Elkins & Earhart, 1989) . pTX215 and pTX6OO are both derivatives of pTX210 (Francisco et a!., 1993b) , a plasmid encoding the tribrid protein LppOmpACBD (cellulose-binding domain). T o construct pTX215, pTX210 was digested with BamHI and the larger fragment, which encodes the signal sequence and the first nine N-terminal amino acids of Lpp, amino acids 46-159 of OmpA and a 13 amino acid segment with the sequence GINSSSVPCDPPT, was religated (C. Stathopoulos, unpublished results). In pTX600, the CBD of pTX2lO was replaced with the phoA cassette of pSWFll (Ehrmann e t al., 1990) by ligation of BamHI fragments (C. Stathopoulos, unpublished results). pTX700, which encodes a LppOmp AFepB fusion protein, is a derivative of pTX6OO ( Fig. 1) ; standard recombinant DNA techniques (Maniatis et al., 1982) were used to replace the phoA sequence of pTX6OO with the mature fepB sequence of pME28. Competent JM109 cells were transformed by electroporation ; plasmids were then isolated from transformant colonies and screened by restriction mapping. All recombinants that had the desired 1.5 kb HindIII-BstXI fragment (containing the mature fepB sequence and part of or-43, a gene encoding a cytoplasmic membrane protein of unknown function) also had the 1.1 kb BstXI-BstXI fragment, which contains the missing portion of orf43 (Fig. 1 ). Therefore pTX700 encodes not only the LppOmpAFepB fusion protein but also the product of orf43 (P43).
Plasmids. Plasmids are listed in

General procedures.
Total membrane fractions were isolated by the procedure of Inouye & Guthrie (1969); treatment of this membrane preparation with sodium lauryl sarcosinate yielded outer membrane (Filip e t al., 1973) . Fractionation of cell membranes was also accomplished using isopycnic sucrose density gradients (Osborn e t al., 1972) . SDS-PAGE (Lugtenberg e t al., 1975) and Western blot procedures (Staab & Earhart, 1990 ) have been described. Gels (11 %, W/V) were loaded with 20 pg protein per well. Prestained protein molecular mass standards, high range (GibcoBRL), were used and when appropriate gels were stained with Coomassie brilliant blue G. Anti-OmpA antibodies were provided by U. Henning and Y. Stierhof, Max Planck Institut fur Biologie, Tubingen, Germany. Protein concentrations were determined by the procedure of Bradford (1 976 Binding of ferrienterobactin by FepB 
A derivative of pTX210 (Francisco e t al., 1993b) in which the cellulose-binding domain was replaced with the p h o A cassette of pSWFII (Ehrmann et al., 1990) Whole-cell binding assays were performed essentially like uptake assays (Chenault & Earhart, 1991) , with the exception that cells were washed twice with M 9 + N T A before being resuspended to OD,,, 0.8 in M9+NTA. When indicated, freshly prepared NaN, was added to 30 mM (Pickett & Earhart, 1981) . The cell membrane binding assay was a modification of that of Ichihara & Mizushima (1977): 250 pl of 2 pM ,,FeEnt were combined with an equal volume of a known amount of membrane (prewarmed to 37 "C), incubated for 5 min and passed through a Gelman filter; the filter was rinsed twice with 5 ml deferrated M9, dried under a heat lamp, and its radioactivity measured in a Beckman LS 3801 scintillation counter.
All 55FeEnt binding assays were performed four times ; representative results are shown in Figs 3, 4 and 5.
Assays for membrane integrity. The periplasmic leakiness assay of Lopes e t al. (1972) , which measures the spontaneous release of periplasmic enzyme RNase I, was used. The disc agar diffusion method, conducted on LB-agar plates, was employed to test sensitivity to SDS (2%, w/v), Sarkosyl (2%, w/v), deoxycholate (2 Yo, w/v), rifampicin (1 mg ml-'), and lysozyme
(1 mg ml-'). Accessibility of membrane proteins to trypsin degradation was assayed as described by Tommassen & Lugtenberg (1984) .
RESULTS
pTX700 encodes an Lpp-OmpA-FepB tribrid protein pTX700 was constructed as described i n Methods. The BstXI-generated end of pTX6OO hydrogen-bonds a t three of four a n d two of four positions to the 2.6 and 1.5 k b HindIII-BstXI fragments of pME28, respectively, which probably explains the fact that only the 2.6 kb fragment was found in recombinant plasmids (Fig. 1 ). Fig. l(b) presents the DNA sequence joining the ompA a n d fepB fragments and shows that the linkage is in-frame. Sequencing was carried o u t using the dideoxynucleotide chain-termination method (Sanger e t a/., 1977) .
The FepB segment o f the tribrid begins with amino acid 25 of proFepB (Fig. lb) . The position a t which signal peptidase cleaves proFepB is uncertain ; three possible sites, after amino acids 22, 23 a n d 26 of proFepB, are present (Elkins & Earhart, 1989) . Therefore, the tribrid lacks a t most two amino acids of mature FepB. We assume that the Lpp signal sequence is cleaved and that normal modifications of the N-terminal cysteine o f the Lpp domain occur (Francisco e t a/., 1992; Ghrayeb & Inouye, 1984) ; the calculated molecular mass for the protein part of the tribrid lipoprotein is 46 41 6 D a .
The expression of LppOmpAFepB encoded by pTX700 is controlled both by the Ipp promoter a n d the lac ments determined that addition of IPTG (1 mM) to midexponential-phase UT5600/pTX700 cells growing at 37 "C in L broth resulted in a decrease in growth rate after 30 min, suggesting that under these conditions tribrid protein synthesis is deleterious to growth, presumably because of alterations in membrane architecture and function. In attempts to observe the tribrid protein, an induction time of 30 min and a variety of IPTG concentrations were used (Fig. 2) . IPTG concentrations ranging from 100 pM to 1 mM gave similar results and the protein profiles of total membrane preparations from UT5600 and UT5600/pTX700 were similar in the absence of IPTG (data not shown). Upon induction with IPTG, two distinct new protein bands with molecular masses of 37 and 42 kDa were observed (Fig. 2a, lane 3) . In stained gels of purified outer membrane, four new bands (46-5,44,42 and 37 kDa) were seen (data not shown). The 44 kDa polypeptide band may be present but partially obscured by a normal membrane protein in Fig. 2(a) . When a similar gel was examined by Western blotting procedures employing anti-OmpA antibodies, at least five new proteins with molecular masses greater than OmpA were seen (Fig. 2b) . (The bands corresponding to OmpA and the smallest polypeptide (27 kDa) in Fig. 2(b) were absent when similar Western blot analyses were performed on a strain deleted from ompA : data not shown.) The five new proteins must be tribrid-related ; each had an OmpA domain, the Lpp domain was inferred because in its absence the protein would not be in the outer membrane (see below), and some FepB sequence must have been present to account for the molecular masses of the bands. Two of these bands (42 and 44 kDa) were evident even in uninduced UT5600/pTX700 cells (data not shown). Upon induction, all five bands were evident and in approximately the same relative abundance regardless of IPTG concentration. The two smallest bands (37 and 35.5 kDa) are likely to be proteolysis products but the nature of the three largest LppOmpAFepB related bands is unclear. Mature FepB appears as multiple bands in polyacrylamide gels (Pierce & Earhart, 1986) and this unusual electrophoretic behaviour requires that FepB have an intact carboxy terminus (Elkins & Earhart, 1989) ; this obtains for the FepB domains of the tribrid.
Additional experiments disclosed that the amount of tribrid in membrane increased steadily with increasing time of induction. When localization studies were performed on cells that had been induced for more than 30 min, the tribrid was found in both inner and outer membrane. In contrast, at short (30 min) induction times, the tribrid was located primarily in the outer membrane (data not shown).
Membranes from UT5600/pTX700 cells bind FeEnt
FepA, the outer membrane receptor for FeEnt, is absent in UT5600 and FeEnt binding to membrane from similar strains is at the background level (McIntosh e t al., 1979) . 3 . Binding of 55FeEnt to membranes from UT5600 and UT5600/pTX700 cells. 0 , UT5600/pTX700 outer membrane; H, UT5600/pTX700 inner membrane; 0, UT5600 outer membrane; 0, UT5600 inner membrane. 
H,
UT5600/pTX700; 0 , UT5600/pTX2 1 5 + NaN,.
UT5600/pTX700+ NaN,; 0, UT5600/pTX215; 0, FeEnt, this would indicate that FepB is a FeEnt-binding protein. This was the case (Fig. 3) ; outer membrane from cells harbouring pTX700 bound four times more FeEnt than outer membrane from UT5600. The binding to outer membrane from UT5600 and to inner membrane is believed to be adventitious. In the cytoplasmic membrane, there is no known protein capable of binding FeEnt unaided ; also, FeEnt transport proteins are repressed in L broth. Outer membrane isolated by the Sarkosyl procedure gave results similar to those shown in Fig. 3 . These data demonstrate that FepB does have the ability to bind FeEnt.
Cells expressing LppOmpAFepB tri brid protein bind FeEnt
The LppOmpA vector is believed to position the carboxyterminal soluble protein on the cell surface (Francisco e t al., 1992) . If this is true for the LppOmpAFepB construct, whole-cell binding assays should be feasible. These were performed ; they were conducted similarly to FeEnt uptake assays. For FeEnt binding to surface-exposed FepB, however, it was anticipated that FeEnt would not be taken up into cells. To verify that binding and not uptake was being measured, NaN,, which is known to prevent cellular uptake of FeEnt (Pickett & Earhart, 1981) , was added to some samples. As shown in Fig. 4 , UT5600/pTX700 cells bound FeEnt and this binding was energy-independent. UT5600/pTX215 cells had only basal level binding of FeEnt; UT5600 and uninduced UT5600/pTX700 cells gave results similar to UT5600/pTX215 cells (data not shown). T o distinguish between FeEnt binding and uptake, the ability of FeEnt to associate with AB1515 ()PA+) cells starved for iron by growth in LB plus dipyridyl medium was also assayed. As seen in Fig. 5 , azide reduced the amount of AB1515associated FeEnt. Similar results were obtained when cultures were grown in deferrated M9 medium. That is, FeEnt association with AB1515 resulted mainly from uptake, not binding. Results with UT5600/pTX700 serve to further emphasize the distinction between binding and uptake and, when compared to Fig. 4 , to illustrate the dayto-day variation in c.p.m. bound observed in these wholecell binding experiments.
Effect of the tribrid on outer membrane permeability
The ability of FeEnt to bind to UT5600/pTX700 cells does not prove that the FepB segment of the tribrid is located on the outer surface. Perturbation of the outer membrane resulting from insertion of the tribrid protein might permit FeEnt to partially penetrate or to completely pass through the outer membrane and to enter the periplasmic space. (Under normal conditions, FeEnt is barely too large to be accommodated by the outer membrane general porins, which exclude solutes of molecular mass > 600 Da : Nikaido, 1992) . Several assays were employed to determine if the pTX700-encoded tribrid influenced outer membrane permeability. The sensitivities of UT5600 and UT5600/pTX700 cells to detergents, rifampicin and lysozyme were similar (data not shown). In the periplasmic leakiness assay, UT5600, UT5600/pTX215 and UT5600/pTX700 all displayed haloes 1 mm in width surrounding individual colonies. The halo was turbid for UT5600, intermediate in turbidity for UT5600/pTX215, and clear for UT5600/pTX700. Colonies of control strain SB221, which is leaky because of the Ipp mutation, exhibited clear haloes 2 mm in width.
Because long-term induction of the tribrid protein is lethal, the above plate assays had to be conducted with uninduced cells. To study permeability under conditions more closely resembling those used in the binding studies, the accessibility of membrane proteins of UT5600, UT5600/pTX215 (induced) and UT5600/pTX700 (induced) to trypsin was examined. On the gels used, the LppOmpA dibrid encoded by pTX215 was too small to be resolved. Monitoring of OmpA and its 24 kDa trypsin degradation product (Fig. 6) , which is believed to arise from digestion of the OmpA periplasmic tail, demonstrated that Tris-EDTA-trypsin treatment resulted in complete elimination of mature OmpA in all three strains. However, under intermediate conditions for trypsin activity [Tris-Mg(I1)-trypsin] , OmpA in UT5600 was more resistant than the OmpA of UT5600/pTX215, which in turn was more resistant than that of UT5600/pTX700. This was the same order of sensitivity as revealed by the periplasmic RNase leakiness assay. The tribrid protein and its degradation products were like OmpA in that they were not completely eliminated until the more rigorous digestion conditions were used.
DISCUSSION
Unlike most periplasmic binding proteins, those specific for ferrisiderophore complexes are not easy to assay. Here FepB was incorporated as the carboxy-terminal segment of a tribrid fusion protein that was localized in the membrane. The presence of the chimaeric protein conferred on the outer membrane the ability to bind FeEnt. The possibility that insertion of the tribrid had indirect effects on membrane architecture that led to increased binding to outer membrane preparations by FeEnt, for example by exposing FeEnt binding sites of other membrane proteins, seems remote. FepA is absent in UT5600 and FecA, the only other membrane protein reported to bind FeEnt is not induced under the conditions used and binds FeEnt with approximately 10-fold less affinity than FepA (D. van der Helm, personal communication). We conclude that (i) membrane binding assays involving the LppOmpAFepB construct are as valid as those for normal outer membrane ferrisiderophore receptors and (ii) that the FepB domain of the tribrid was responsible for the binding of FeEnt to outer membrane from UT5600/pTX700. That normal FepB activity was not abolished by the LppOmpA sequence is consistent with results obtained with other LppOmp A-based tribrids (Francisco et al., 1992 (Francisco et al., , 1993a .
UT5600/pTX700 cells bound FeEnt, providing additional evidence for the specificity of FepB towards FeEnt. A consideration in these experiments is the possibility that tribrid insertion increases the outer membrane permeability of cells, allowing unaided transmembrane passage of FeEnt into the periplasm, where it could be bound by normal FepB. Subsequent events would depend on whether or not UT5600 isfepD+G+, which is not known (Elish e t al., 1988) . If periplasmic FepB could bind FeEnt in UT5600/pTX700 and if entry into the cytoplasm were impossible due to a defective cytoplasmic membrane permease, FeEnt-FepB could accumulate in the periplasm. This would then be similar to a system employed to demonstrate Fe(II1)hydroxamate siderophore binding to FhuD (Koster & Braun, 1990) . In this previous case, however, overexpression of FhuD was necessary to demonstrate ferrisiderophore-FhuD association ; here (Fig. 4) , it is unlikely that periplasmic FepB in UT5600/pTX700 bound detectable amount of FeEnt as only minimal (repressed) levels of FepB were available. Transport of FeEnt into the cytoplasm of UT5600/pTX700 cells, which would be feasible if UT5600 cells arefepC+D+G+ and if UT5600/pTX700 cells were leaky, would require energy and did not occur (Figs 4 and 5) .
Some loss of outer membrane integrity occurred upon induction of LppOmpAFepB synthesis. This complicated efforts aimed at determining the orientation of FepB in the outer membrane. At least some of the tribrid FepB may be directed toward the periplasm rather than the external milieu. The trypsin accessibility studies, which showed that the tribrid and periplasmic OmpA tail exhibited similar sensitivities, were repeated using several digestion conditions but no preferential degradation of the tribrid was observed. With previous LppOmpA chimaeras, surface exposure of the passenger domain was monitored using immunological techniques, such as immunofluorescence and whole-cell ELISA assays; in the absence Binding of ferrienterobactin by FepB of anti-FepB antibodies, these techniques were unavailable here. For establishing that FepB binds FeEnt, the major finding of this work, the outer membrane orientation of FepB was unimportant and additional experiments to test cell permeability and to determine tribrid topology were not performed for this study.
The origin(s) of the multiple LppOmpAFepB bands is unclear and the band(s) which bind FeEnt are unknown. It is not unusual for LppOmpA-based tribrids to be subjected to significant proteolysis (Francisco e t al,, 1992 (Francisco e t al,, , 1993b ) and some of the bands must have arisen in this manner. However, the three largest bands (42-46.5 kDa range : Fig. 2b ) are similar in pattern and intensity to those seen whenfepB alone is expressed in mini-and maxicells (Elkins & Earhart, 1989; Ozenberger e t al., 1987; Pierce & Earhart, 1986 ). If the several large tribrid bands do originate from peculiarities of FepB, this work, in which they were detected immunologically, would mark the first time the bands had been observed in other than mini-or maxi-cells. In summary, we have shown that the FepB protein bound FeEnt and that the LppOmpA localization vehicle can be employed for periplasmic binding proteins.
